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The anomalous Hall effect (AHE) in the Heusler compounds Co2FeSi and Co2FeAl is studied in dependence 
of the annealing temperature to achieve a general comprehension of its origin. We have demonstrated that 
the crystal quality affected by annealing processes is a significant control parameter to tune the electrical 
resistivity p xx as well as the anomalous Hall resistivity p a } le . Analyzing the scaling behavior of p a he in 
terms of p xx points to a temperature-dependent skew scattering as the dominant mechanism in both Heusler 
compounds. 



I. INTRODUCTION 

The Hall resistivity in ferromagnetic materials, p xy re- 
ceives an extra contribution from the spontaneous mag- 
netization M, which empirically results in the general for- 
mula p xy = R o [i H + R s hqM, where [i Q H is the applied 
magnetic field. The coefficients R and R s are character- 
ized by the strength of the ordinary and anomalous Hall 
resistivity p Q h e and p a he- While the ordinary Hall effect 1 
(OHE) is classically explained by the Lorentz force de- 
flecting the moving charge carriers, the anomalous Hall 
effeclP (AHE) has been a fundamental but controver- 
sially discussed aspect in solid-state physics since the 
1950s. In several theories, both extrinsic and intrinsic 
mechanisms^ have been proposed to be responsible for 
the AHE. The extrinsic origin of the AHE based on the 
skew scattering^ and side jump mechanisms^ has been 
ascribed to the asymmetric scattering of spin-polarized 
charge carriers in the presence of spin-orbit interaction^^ 
whereas the intrinsic origin is closely ass ociated with 
Berry phase effects of Bloch electronsPtSED j n ferromag- 
netic materials a correlation between the anomalous Hall 
resistivity p a he and the electrical resistivity p xx of the 
form p a he oc p xx has been established, where n depends 
on the dominant origin of the AHE in a given material: 
n = 2 for an intrinsic mech anisrrP whereas n = 1 or n = 2 
for the skew scattering^' or the side jump mechanisms^, 
respectively. This correlation makes it possible to iden- 
tify the predominant scattering mechanism. The super- 
position of all three contributions results in 

Pahe = ap xx + bp 2 xx (1) 

The coefficient a gains information about the skew scat- 
tering, while the coefficient b corresponds to both the 
side-jump and the intrinsic mechanisms. Due to the im- 
portance of the spin-degree of freedom in spintronic de- 
vices such as magnetic sensors or magnetic memories, the 
capability of the AHE to generate and control spin po- 
larized currents has lead to intense research on the AHE 
in new materials. Prominent candidates to be integrated 
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in spintronic devices are Co-based Heusler compounds^ 
due to their predicted half-metallic behavior, i.e. 100 % 
spin-polarization at the Fermi level, and the high Curie 
temperatures. In the present work, the influence of crys- 
tallographic defects and atomic disorder on the AHE in 
the compounds Co2FeSi and Co2FeAl is studied. 



II. EXPERIMENTAL 

For the preparation of all layer stacks conventional 
dc/rf magnetron sputtering at room-temperature is used 
in a high vacuum system with a base pressure of 
1.0xl0~ 7 mbar and with a process pressure of 1.5xl0 -3 
mbar of Ar as sputtering gas. All films were deposited on 
a 5 nm thick MgO film which was deposited on the MgO 
(001) substrate to improve the surface quality. Epitaxial 
thin films of Co 2 FeSi (CFS) and Co 2 FeAl (CFA) with a 
thickness of 20 nm were deposited from pure (99,95%) 
stoichiometric composition targets (Co 50%, Fe 25%, 
Si(Al) 25%). Finally, they were protected from ambient 
oxidation by a 1.8 nm thick MgO cover layer. After depo- 
sition, several lacker stacks of both Heusler compounds 
were ex-situ annealed at temperatures in the range from 
27° C (as-prepared) up to 700° C in order to initiate order- 
ing and to manipulate the amount of defects. Their crys- 
talline structure has been determined by x-ray diffraction 
(9 — 29) scans. Using photolithographic techniques and 
Ar-ion beam etching the layer stacks were patterned into 
80-/im-wide and 200-/im-long Hall bar structures in order 
to measure the electrical and transverse Hall resistivity 
simultaneously. Magnetotransport measurements were 
performed in the temperature range from 300 K down to 
3 K and in a magnetic field of up to 4 T. 



III. RESULTS AND DISCUSSION 

In Fig. 1(a) the XRD patterns of the layer stacks are 
presented for different annealing temperatures. The ap- 
pearance of the (002) and (004) diffraction peaks in the 
patterns reveals the B2-type structure in Co2FeSi as well 
as in Co2FeAl. Providing information about the degree 
of atomic disorder, the intensity ratio I(oo2)/I(oo4) 01 the 
(002) and (004) diffraction peaks increases with rising an- 
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FIG. 1. (a) XRD (9 - 2(9) scans of CFS at different annealing 
temperatures, (b) Intensity ratio /(002) /%>04) an d width of 
the (002) diffraction peak A(26 l (oo2)) as a function of anneal- 
ing temperature for both CFS (red circle) and CFA (black 
square) . 



FIG. 2. (a) Electrical resistivity p xx (T) for CFS films an- 
nealed at different temperatures, (b) Residual resistivity p xx o 
and RRR values as function of annealing temperature for CFS 
(red circle) and CFA (black squares). 



nealing temperature in both Heusler compounds [see Fig. 
1(b)]. This observation corresponds to a monotonous in- 
crease in crystallographic order on the Co-site of Co2FeSi 
or Co2FeAl in the temperature range from 300° C to 
700° C. The structural refinement is additionally proven 
by the width of the (002) diffraction peak A(20/ O O2)) that 
becomes narrower with increasing annealing temperature 
and reaches a value of 0.55° for Co2FeSi and 0.51° for 
Co 2 FeAl at 700° CP 

In according to Matthiessen's rule, the electrical resistiv- 
ity Pxx(T) displayed in Fig. 2(a) can be separated into a 
temperature-independent resistivity p xx o below 20 K and 
a temperature-dependent resistivity p xx t(T), defined by 

Pxx(T) = p xx0 + p xxT {T) (2) 

The residual resistivity p xx o is caused by the scattering 
at impurities and atomic disorder, while the scattering on 
lattice vibrations (phonons) and spin disorder (magnons) 
dominate p xx t(T) at higher temperatures. Above 100 
K the resistivity curves show the characteristic weak 
and linear temperature dependence of Co-based Heusler 
compounds. 12 With increasing annealing temperature a 
strong decrease of the resistivity can be observed except 
for the 200° C annealed layer stack. For Co2FeAl the val- 
ues of the resistivity show a similar tendency. As it can be 
seen in Fig. 2(b) an increase of defect concentration can 
be directly derived from the enhancement of the residual 
resistivity p xx o for layer stacks annealed at temperatures 
smaller than 500°C (Co 2 FeSi) or 700°C (Co 2 FeAl). The 
residual resistivity ratio RRR = ( i o xx (300K)/ J o xx (3K)) as 
a qualitative tool to identify the degree of atomic disorder 
and lattice defect is displayed in Fig. 2 as function of the 
annealing temperature for both Co2FeSi and Co 2 FeAl. 
The RRR starts to increase above an annealing tem- 
perature of 200° C (Co 2 FeSi) or 300° C (Co 2 FeAl). For 
Co2FeSi the RRR reaches a maximum of 1.3 at 500° C and 
decreases again for larger annealing temperature. The 
values of RRR for both compounds are comparable to 
literature values in the r ange of 1.2 to 1.4 for sputtered 
Heusler compounds! 13 * 14 ! The enhancement of RRR with 




FIG. 3. a) p xy (poH) at selected temperatures is shown for 
the as-prepared (27° C) CFS layer stack, (b) Annealing tem- 
perature dependence of the room-temperature p xy (poH) of 
CFS layer stacks. 



the annealing temperature can be explained by an im- 
provement of crystallographic order and, hence, a reduc- 
tion of defect concentration in the Heusler lattice. The 
differences in the RRR of both compounds [Fig. 2(b)] 
hints to a larger defect concentration in Co2FeAl as com- 
pared with Co2FeSi. 

In Fig. 3(a) the magnetic field dependence of the Hall 
resistivity p xy (p H) is shown for the as-prepared (27° C) 
layer stack at several temperatures. The values of p a he 
corresponding to each temperature can be extracted by 
extrapolation of the p xy (poYl) data curves taken from 
the high back to zero field. As it is shown in Fig. 3 
the values of p a he reveal only a weak temperature depen- 
dence. Conversely, p a he measured at room-temperature 
strongly changes with the annealing temperature from 
1.436 pttcm at 27°C down to 0.219 fittcm at 700° C. Fig. 
4 represents p a he(T) versus p xx {T) for different anneal- 
ing temperatures in the range from 27° C up to 700° C. 
Each point corresponds to one measuring temperature 
for Co 2 FeSi (a) and Co 2 FeAl (b). 

The obvious correlation between the crystal quality 
characterized by p xx (T) and p a he(T) suggests the pres- 
ence of scattering mechanisms in both resistivities caused 
by defect concentration and atomic disorder. Therefore, 
the scaling behavior between p a he(T) and p xx {T) can be 
investigated in order to provide information about the 
dominant scattering mechanism responsible for the ap- 
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FIG. 4. p a he(T) vs. p xx (T) for different annealing tempera- 
tures for CFS (a) and CFA (b). 

pearance of the underlying anomalous Hall effect 
The following discussion is based on the data analysis 
by Vidal et alP^^ Taking into account the scaling be- 
havior of both resistivities [see Fig. 4] , the effect of dif- 
ferent scattering mechanisms is analyzed. The anoma- 
lous Hall resistivity p a he(T) reveals an almost identi- 
cal temperature dependence as the electrical resistivity 
Pxx (T) . According to the temperature-dependent separa- 
tion of Pxx(T) [see Eq.(2)], the anomalous Hall resistivity 
PaheiT) defined in Eq.(l) can be divided in an analogous 
way 



Pahe = Pahe,0 + { a + 2bp xx o)p xx T + bp xxT 



(3) 



where p a he,o — (apxxo + bp xx0 ) describes the residual 
anomalous Hall resistivity. Below 20 K both p xx and p a he 
are approximately constant, while above both increase. 
This observation enables a detailled analysis of the tem- 
perature dependence by subtraction of the temperature- 
dependent (T/j) and temperature- independent (To) data, 
where the To data corresponds to the data at 20 K. This 
involves the following expression 



Ap ahe = (a + 2bp xx0 )Ap xxT + bAp 



xxT 



(4) 



To simplify Eq.(4), the rescaled electrical and anoma- 
lous Hall resistivity are defined by Ap XX T — PxxT^Th) — 
Pxxt(T q ) and Ap ahe = p a he(T h ) - p a he(T ). In Fig. 5 
the rescaled quantities are plotted for various anneal- 
ing temperatures. Within the experimental errors, all 
rescaled data curves for Co2FeSi have the same slope 
except the data curves for 500° C and 700° C anneal- 
ing temperature. The common slope of these two data 
curves is marginally smaller compared to those of the 
other annealing temperatures. For Co2FeSi both param- 
eters a and b obtained by fitting of Eq.(4) to the data 
monotonously decrease with increasing annealing tem- 
perature. In contrast to this, for Co 2 FeAl the data for 
annealing temperatures of 27°C, 200°C and 300°C co- 
incide, while the slope of the curves for larger anneal- 
ing temperatures decreases. Above 300°C the scatter- 
ing parameter a increases with annealing temperature 
whereas the parameter b decreases. The rescaled data 
curves for both Co2FeSi and Co2FeAl exhibit an approx- 
imately linear relation between Ap a ) le and Ap xx . As a 
result, the skew scattering mechanism can be supposed 
to be dominant in both Heusler compounds. Below an 
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FIG. 5. Left column: Ap a he vs. Ap xx for CFS (a) and 
CFA (c). Right column: Linear parameter a (purple squares) 
and quadratic parameter b (pink circles) against annealing 
temperature for CFS (b) and CFA (d). 



annealing temperature of 300° C in Co 2 FeAl or 400° C in 
Co2FeSi the skew scattering mechanism appears to be 
weakly affected by the temperature [see Fig. 5(b) and 
5(d)]. From the fitting procedure, it is clearly visible 
that the values of the scattering parameter b are of the 
order of 10 -4 (^fkrn) -1 . Taking into account the residual 
resistivity p xx o of the order 10 1 (pflcm), the linear coeffi- 
cient in Eq.(4) (a + 2bp xx o) w 10 -2 is dominated by the 
skew scattering parameter a. The temperature depen- 
dence of the skew scattering, however, indicates that the 
scattering centers are not mainly crystal defects, because 
this would lead to a temperature independent contribu- 
tion. In contrast, scattering at phonons and magnons 
is strongly temperature dependent. We thus conclude, 
that scattering at magnons is responsible for the observed 
temperature dependent p a h e (T). 



IV. SUMMARY 

In conclusion, we have performed a systematic study 
of the AHE in the Co-based Heusler compounds Co2FeSi 
and Co2FeAl. The crystallographic quality varied by the 
annealing temperature reveals to be a convenient control 
parameter tuning the electrical as well as the anomalous 
Hall resistivity p xx (T) and p a he(T) in both Heusler com- 
pounds. Based on this idea, skew scattering at magnons 
could be identified as main reason for the temperature de- 
pendent anomalous Hall effect in Co2FeSi and Cc>2FeAl. 
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